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Films of self assembled diblock copolymers (BCPs) have attracted significant attention for 
generating semiconductor nanoarrays of sizes below 100 nm through a simple low cost 
approach for device fabrication. A challenging abstract is controlling microdomain 
orientation and ordering dictated by complex interplay of surface energies, polymer-solvent 
interactions and domain spacing. In context, microphase separated poly (styrene-b-ethylene 
oxide) (PS-b-PEO) thin films is illustrated to fabricate nanopatterns on silicon and 
germanium materials trenches.  The trenched templates was produced by simple electron 
beam lithography using hydrogen silsesquioxane (HSQ) resist.  The orientation of PEO, 
minority cylinder forming block, was controlled by controlling trench width and varying 
solvent annealing parameters viz. temperature, time etc.  A noticeable difference in 
microdomain orientation was observed for Si and Ge trenches processed under same 
conditions.  The Ge trenches promoted horizontal orientations compared to Si due to 
difference in surface properties without any prior surface treatments.  This methodology 
allows to create Ge nanopatterns for device fabrication since native oxides on Ge often 
induce patterning challenges.  Subsequently, a selective metal inclusion method was used to 
form hardmask nanoarrays to pattern transfer into those substrates through dry etching.  The 
hardmask allows to create good fidelity, low line edge roughness (LER) materials 
nanopatterns.  
 











Since the beginning of 21st century, the improved performance of microelectronic 
devices showed signs of slowdown, largely due to limitations arising from patterning 
tools [1]. In order to deliver further device miniaturisation, methods and equipment 
must be fashioned to allow material engineering at the molecular level.  Bottom-up 
technologies are an instinctive alternative to traditional top-down lithography for a 
cost-effective device design, which mainly involves the use of various polymers. They 
involve simpler processes of lithographic technology and furthermore, they are 
comparatively cheaper option since they do not require expensive facilities or 
equipment.  Lithography with polymeric materials is also compatible with existing 
integrated circuits technology since they are with chemically similar composition to 
photo or electron beam lithography (EBL) resists.  Nanoscale polymer features are  
obtained from their molecular constituents that are driven to self-assembly by kinetic 
processes or thermodynamic forces [2]. The term self-assembly defines the 
spontaneous and regular arrangement of nanoscale units in order to attain a minimum 
Gibbs energy by minimising the repulsive and maximising the attractive molecular 
interactions [3]. 
    Block copolymers (BCP) have great potential as etch masks in the fabrication of 
semiconductor nanopatterns due to their molecular scale precision, ultrafine line edge 
roughness (LER), and low-cost processing [4-6]. BCPs are a special class of polymers 
where two or more distinct homopolymers subunits are polymerised to produce 
covalent bonding between BCP chains [5]. Due to this chemical dissimilar nature, the 




By varying the molecular weights of the polymer blocks and the interfacial energies, 
excellent control over the BCP domain shape (lamella, spherical, cylindrical or 
gyroidal) and sizes can be achieved.  Once the desired orientation is achieved, one of 
the blocks can be selectively removed and the remaining pattern can be transferred 
into the desired functional device material [8-10]. Moreover, many strategies have 
been investigated to manipulate interfacial interactions, to obtain a specific orientation 
and/or lateral ordering of the microdomains including external fields (magnetic, 
electrical), sample temperature gradient, mechanical effects such as rubbing and 
substrate topographical and chemical patterns [11-14]. BCP lithography therefore has 
the potential to be used to fabricate high density, well-ordered arrays of functional 
nanostructured materials on substrate surfaces, which is not only scientifically 
interesting but also a technologically important area; due to potential applications in 
nanoelectronics, optoelectronics, information storage, photonics, catalysis and sensors 
[8, 11-12].  
    One of the major challenges in using BCPs for nanofabrication is the lack of long 
range periodic ordering of the polymer segments on a substrate.  Directed self-
assembly (DSA) of BCPs can be achieved however by introducing topographic 
guiding features such as trenches or pillars on the substrate surface.  These 
topographic pre-patterns have been reported to effectively monitor and improve the 
ordering of some of the BCP systems [13-15]. This category of lithography is known 
as directed self-assembly by graphoepitaxy.  A considerable amount of research has 
been undertaken to optimise the DSA of BCPs.  The DSA of lamellar forming 
poly(styrene b-methyl methacrylate) (PS-b-PMMA) using EBL to produce simple 
hydrogen silsesquioxane (HSQ) line patterns that act as guides for BCPs has been 




self-assembly of spheres forming BCP from poly(styrene-b-dimethlysiloxane) (PS-b-
PDMS) which were explored for bit-patterned media with a density of around 1.5 
teradots/inch
2 
[17]. Other instances of using EBL-patterned HSQ for guiding BCP 
orientation has also been reported [18]. Besides graphoepitaxy, chemical pre-treatment 
of the surface prior to BCP deposition is also another DSA approach, wherein a brush 
layer is deposited on the substrate prior to BCP processing [19]. 
    In this article, a method to generate highly ordered Si and Ge nanopatterns, aligned 
with the help of simple HSQ gratings fabricated by EBL, via a simple and cost-
effective in-situ BCP hard mask inclusion technique is demonstrated. The 
nanofabrication process is based on the use of solvent-induced microphase separation 
in PS-b-PEO thin films; where the marked difference in the chemical functionality of 
the PS and PEO blocks allows selective metal ion inclusion [20]. The structural and 
morphological variation in the BCP phase separated patterns can be achieved by 
changing the solvent annealing time and temperature, the width and spacing between 
the gratings and pre-treatment of substrate surface.  Unlike several BCP/substrate 
systems, the PS-b-PEO system does not require any homopolymer brush layer 
deposition and any pre surface modification of the substrate.  Iron oxide nanopatterns 
were fabricated from the assembled PS-b-PEO nanopatterns through an in-situ 
inclusion technique, which were subsequently used as hardmask to transfer 
nanopatterns into Si or Ge trenched substrates [21]. 
2. Experimental section 
2.1. Graphoepitaxy process for the fabrication of Si and Ge trenches 
      Scheme 1 represents the schematic description of the graphoepitaxy process for the 
fabrication of Si and Ge trenches on substrate surface.  Si or Ge substrates of 10 × 10 




throughout the experiment.  The substrates were first degreased by ultrasonication in 
acetone and subsequently in isopropyl alcohol (IPA) for 120 s.  The Si substrates were 
dried with a N2 gun and then by baking at a temperature of 120 °C for 180 s.  They 
were then patterned using the hydrogen silsesquioxane (HSQ) high-resolution EBL 
resist.  A 2.4 wt % solution of HSQ in methyl isobutyl ketone was spin-coated onto a 
Si substrate a 2000 rpm for 33 s to give a thin film resist thickness of approximately 
50 nm (Scheme 1(a)).  After spin coating, the substrate was baked at a temperature of 
120 °C for 180 s on a hotplate prior to EBL (Raith e-Line Plus) exposure.  Arrays of 
50 nm wide lines were exposed at 10 kV having pitch sizes of (45n+50) where 0 < n < 
7.  After the EBL exposure, the substrates were developed by immersion in an aqueous 
mixture of 0.25 M NaOH, 0.7 M NaCl for 15 s, followed by a 60 s rinse in DI water 
and then 15 s dip in IPA solution.  Subsequently, the substrates were blown dry in 
flowing N2 gas.  Thus, high resolution HSQ gratings were achieved (Scheme 1(b)).  In 
the case of Ge substrates, after the IPA and acetone cleaning they were processed in a 
different way prior to EBL patterning.  Due to the presence of the native oxides on the 
Ge surface, each substrate was passivated by immersing the Ge substrates in 1.73 M 
citric acid.  HSQ resist was spin-coated onto the Ge substrates and administered in the 
same manner as detailed above.  Citric acid treatment ensured the adhesion of HSQ 
resist after developing the resist with aqueous developer solutions. 
2.2. BCP microphase separation and hardmask nanopattern formation process 
    PS-b-PEO powder (Polymer Source) was dissolved in toluene at room temperature 
and aged for 12 h to prepare a 0.4 wt% solution.  The molecular weight (Mn) of the 
BCP was PS = 42 kg/mol, and PEO = 11.5 kg/ mol, Mw/Mn = 1.07, where Mw and Mn 
is the weight and number-average molecular weight.  Thin films of BCP were 




3000 rpm for 30 s (Scheme 1(c)).  The substrates were then placed in a sealed jar and 
exposed to toluene vapour.  The films were annealed for various time periods at 50 or 
60 °C to induce mobility and commence microphase separation (Scheme 1(d)).  After 
the solvent annealing, the Si chips were immersed in ethanol solution for 15 h at 40 
°C, resulting in partial modification of one of the BCP blocks, i.e. the PEO block 
(Scheme 1(e)).  For the fabrication of the metal oxide hardmask, different 
concentrations of iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O) were dissolved in 
anhydrous ethanol and was spin-coated onto the patterned substrates (Scheme 1(f)).  
The substrates were subsequently subjected to UV/ozone oxidation (PSD Pro Series 
Digital UV Ozone System; Novascan Technologies, Inc., USA) to oxidise to form iron 
oxide mask on the substrates (Scheme 1(g)).  
2.3. Fabrication of Si and Ge nanopatterns within trenches 
    These iron oxide nanopattern arrays were used as a hard mask for pattern transfer to 
the substrate using the Surface Technology Systems (STS) Inductively Coupled 
Plasma (ICP) Etcher (Multiplex ICP) system (Scheme 1(h)) [15-16].  A double etching 
process was used to, firstly, etch the native silica layer and, secondly, the Si itself, in 
the case of Si substrates.  During etching, the sample was thermally bonded to a 
cooled chuck (10°C) with a pressure of 9.5 mTorr.  For the oxide layer etch, the 
process parameters were optimised to a C4F8/H2 gas mixture (21 sccm/30 sccm).  The 
silica etch time was kept constant (5 s) for all the samples.  For Si etching, the process 
used a controlled gas mixture of C4F8/SF6 at flow rates of 90 sccm/30 sccm 
respectively and the ICP and RIE powers were set to 600 and 15 W respectively, at a 
chamber pressure of 15 mTorr.  Likewise, in the case of Ge, STS etcher was used to 
transfer the metal oxide nanowire mask pattern to the underlying GeOI/Ge substrate.  




etch masks.  Samples were etched for various times using a flow rate of 40 sccm, 
pressure of 10 mTorr, and ICP power of 400 W.   
2.4. Characterizations  
    Surface morphologies were imaged by scanning electron microscopy (SEM, FEI 
Company, FEG Quanta 6700 and Zeiss Ultra Plus) at 10 kV and 5 kV. Samples were 
prepared for TEM cross sectional imaging with an FEI Helios Nanolab 600i system 
containing a high resolution Elstar™ Schottky field-emission SEM and a Sidewinder FIB 
column and were further imaged by transmission electron microscopy (TEM, JEOL 2100).  
3. Results and Discussion 
3.1. Microphase separation of BCP on Si and Ge substrates  
    HSQ gratings on Si and Ge substrates patterned by EBL act as guiding templates for 
the self-assembly of the BCP system.  The BCP employed in this study was PS-b-PEO 
(42k-11.5k), with PEO as the minority cylinder forming block.  The HSQ trench 
widths were varied in the range of multiples of 45 nm so as to accommodate BCP 
patterns within them because the cylinder-cylinder spacing and the PEO microdomain 
diameter were ~ 42 nm and ~ 19 nm respectively.  The depth of the trenches was fixed 
at 50 nm that is the thickness of HSQ resist film.  Fig. 1a shows a high magnification 
SEM image of arrays of HSQ lines forming the trench prior to deposition of BCP on 
Si.  BCP nanopatterns were created by spin-coating the polymer solution onto the 
trenched substrates followed by solvent vapour annealing at different temperatures and 
time.  Note that the concentration of the polymer solution was calibrated to avoid 
overfilling of BCP within the trenches.  For all the experimental conditions studied, a 
0.4 wt% BCP-toluene solution was used.  The structural arrangement of the PS and 
PEO blocks for the solvent annealed films after the phase separation could not be 




films were subjected to anhydrous ethanol treatment for a certain period of time to 
enhance the electron contrast between them which partially etch and/or modify the 
PEO domains.  These ethanol treated films were then studied by SEM to investigate 
the BCP nanopatterns. Periodic arrangements of the BCP with PEO cylinders oriented 
perpendicularly to the substrate surface inside the PS matrix were obtained on an open 
surface area over the Si substrate where the HSQ gratings were not present after 
solvent annealing at a temperature of 50 °C for 2 h, as shown in Fig. 1b.  Similarly, 
Fig. 1c shows the BCP self-assembled line patterns with parallel orientation of the 
PEO cylinders inside the PS matrix on the open area of the Ge substrate. Structural 
and orientational variation of the same BCP for two different substrates is evident 
from the SEM images in Figs. 1b and c under the similar processing parameters.  The 
Ge surface mainly promoted the parallel orientation of the PEO cylinders with line 
patterns, although perpendicularly oriented dot patterns were also noticed at various 
areas on Si substrates. 
3.2. Microphase separation of BCP on HSQ trenched Si and Ge substrates  
    Successively, the BCP self-assembly was observed in the HSQ trenches on Si and 
Ge surface and the experimental parameters were varied to achieve an optimum nearly 
defect free nanopatterns with desired microdomain orientation.  Fig. 2 shows the DSA 
of PS-b-PEO within HSQ trenches, annealed for 2 h at two different temperatures.  
The polymer uniformly wetted the substrate surface without any ordered structure for 
the wider trench widths (> 135 nm) before the solvent annealing process (not shown).  
SEM images in Fig. 2a and b displays the BCP dot patterns (PEO cylinders 
perpendicularly orientated inside PS matrix) within HSQ trenches on the Si substrate 
solvent annealed at 50 °C for 1.5h and 60 °C for 2 h, respectively.  The solvent 




microdomains from 1.5 to 2 h with increasing the temperature.  Fig. 2a shows the 
SEM image of the BCP dots within 90 nm HSQ trench over large areas with no or 
little de-wetting.  Subsequently, the annealing temperature was increased to 60 °C 
without changing other experimental parameters.  An ordered, aligned arrangement of 
a set of array of hexagonally arranged dot patterns were also observed within 135 nm 
trenches, but thickness variations and/or pattern degradation was noticed in a few 
places as in Fig. 2b.  The number of arrays of dots increased with increasing trench 
width.  The mean measured centre-to-centre distance between adjacent microdomains 
was 42 nm, whereas the PEO cylinder diameter was around 19 nm for both trench 
widths.  In the case of Ge, when the BCP films were solvent annealed in toluene for 1h 
30 min, BCP dot patterns with perpendicular cylinder orientation were noticed within 
the trenches, similar to that on Si surface.  However, when the films were annealed for 
longer time to 2 h, parallel orientation of PEO cylinders were observed within HSQ 
trenches wider than 180 nm.  In smaller trenches (<135 nm), viz. 45 and 90 nm, only 
dot patterns were observed. Both perpendicular and parallel orientation of PEO 
cylinders were realized for the HSQ trench width of 135 nm (not shown here). Nearly 
defect free, long range ordered parallel PEO cylinders arrangement of array of BCP 
line patterns were observed for the wider HSQ trenches (225 to 315 nm) on the Ge 
substrate, as shown in Fig. 2c and Fig.2d respectively.  The number of arrays also 
increases with increasing the trench width. Similar BCP nanopatterns were achieved 
for the temperature of 60 °C within HSQ trenched Ge substrates. 
3.3. BCP nanopatterns on HSQ etched Si and Ge trenched substrates  
    The trenched substrate surfaces were modified to achieve well-ordered nearly defect 
free periodic features within the trenches.  An etching step achieved by RIE using Cl-




temperature of 60°C for 2 h was applied to achieve BCP patterns within HSQ etched 
Si trenches (50 nm depth).  No microphase separation or patterns was achieved for the 
smallest trench width of 45 nm although  well-ordered arrays of patterns were 
observed for all of the wider Si trenches.  Furthermore, BCP wetted the trench 
uniformly and contrast enhancement was also noticed.  Increasing the trench width to 
90 nm, a single array of a combination of parallel and perpendicular orientated PEO 
cylinders inside the PS matrix was observed.  Fig. 3a shows large scale area BCP 
nanopatterns for 2 μm long and 90 nm wide trenches.  The PEO cylinders (darker 
contrast) resides almost in the middle of the trenches, whereas PS wetted the 
sidewalls.  As the trench width was increased, the wetting preference was governed by 
the surface energy.  Similar mixed orientations of the cylinders was realized for the 
wider trench of 135 nm and 180 nm.  Further increases in the trench widths resulted in 
perpendicular orientation of the cylinders only near the edges of the trenches, as 
shown in Fig. 3b for 270 nm wide trenches.  No patterns were realized in the 
intermediate areas for the wider trenches and additionally, frequent defects were 
observed.  Thus, HSQ etching does not significantly improves the quality and 
uniformity of the BCP nanopatterns within Si trenches.  
    Arrays of well-ordered periodic dot patterns were realised for the HSQ etched Ge 
trenches where PEO cylinders oriented perpendicular to the substrate surface for the 
annealing temperature of 60 °C for 2 h irrespective of trench width.  Figs. 3c and d 
shows two and six arrays (two of them alongside the edges) of dots for the 135 nm and 
270 nm wide HSQ etch Ge trench.  No parallel orientations of the PEO cylinders were 
observed.  The number of arrays of dots increases with increasing trench widths.  Few 
defects were observed with increasing the trench width to 270 nm or above. 




    To further improve the quality of the BCP nanopatterns within the Si trenches, a 
UV/Ozone treatment process was followed prior to BCP deposition.  To modify the 
substrate chemistry and to achieve the parallel orientation of PEO cylinders, the HSQ 
trenched Si substrates were exposed to UV/Ozone treatment for 30 min before spin-
coating the BCP solution. The BCP solution was spin coated within 5 minutes of 
UV/Ozone treatment to prevent further oxidation within trenches. 
    This step makes the surface more hydrophilic; the water contact angle for Si is 
reported to be 21°, whereas after UV/Ozone treatment the contact angle was found to 
be 90° [23]. A hydrophilic Si surface promotes the formation of Si-OH bonds which 
increases the affinity for the PEO block for both the trenches and the HSQ sidewalls.  
After spin-coating the BCP films, the substrates were solvent annealed for 1.5 h and 2 
h at 60 °C.  Figs. 4a and b show the microphase separated BCP nanopatterns for 
U/Ozone treated HSQ defined Si trenches for 225 nm (1.5 h annealing time) and 90 
nm (2h annealing time) trench widths, respectively.  No patterns were observed for the 
smaller trench widths (45 nm).  Well-ordered arrays of dots were noticed for an 
annealing time of 1.5 h in 225 nm trenches whereas line patterns achieved for 2h 
annealing time for narrower trench.  The HSQ templates were, however, affected by 
the U/Ozone treatment, as observed from both the images in Fig. 4.  In a few places, 
pattern degradation and/or swelling (pointed out by the red circles) was noticed with 
similar translational order and feature sizes, though dot patterns were predominant, 
shown in Fig. 4(a).  Poorly ordered nanopatterns and swelling of the PEO 
microdomains became more prominent with further increase in the trench widths.  On 
comparing Figs. 4a and b, the obvious difference is seen in the orientation of the BCP.  
Long range well-ordered PEO cylinders parallel to the substrate in the PS matrix were 




continuous arrays of BCP line patterns for more than 3 μm long trench can be seen.  
The arrays were continuous with the PEO cylinders parallel to the trench surface, 
whereas the PS wets the sidewalls, as seen from the inset of Fig. 4b.  The cylinder-to-
cylinder spacing and cylinder diameter remains the same as was observed for the dot 
patterns.  However, as mentioned above the HSQ lines did not adhere on the substrate 
and it can be presumed that the ozone treatment must have initiated the HSQ removal 
since this effect was not observed in non-UV/ozone treated substrates. 
3.5. BCP nanopatterns on citric acid modified HSQ trenched Ge substrates  
    Native oxides on Ge surface usually interfere the BCP patterning because of 
modification in the interfacial energies and therefore UV/ozone treatment of Ge would 
not be beneficial for device fabrication.  The subsequent procedures were followed to 
remove the native oxides on Ge by treating them with 1 M citric acid prior to spin 
coating of the BCP thin film.  The acid treatment ensured an oxide-free surface, thus 
passivating the substrate with the citric acid was performed for the trenched Ge 
substrates.  Fig. 5a shows an SEM image of the self-assembled BCP thin film on a Ge 
substrate on the open area after solvent annealing at 60 °C for 2h.  BCP dot patterns 
with perpendicularly oriented PEO cylinders was realized over the entire substrate area 
with cylinder to cylinder spacing of 42 nm.  Defects in terms of pattern 
degradation/missing is also evident. Figs. 5b and c displays the BCP nanopatterns 
within 135 nm and 270 nm citric acid modified HSQ guided Ge trenches respectively.  
Similarly ordered arrays of dots were observed.  For smaller trench widths, parallel 
orientation of cylinders was realised in a few areas although the perpendicular 
orientation was predominant.  All of the wider trenches (225, 270 and 315 nm) 
produced PEO cylinders with perpendicular orientation, in contrast to the parallel 




trenches.  When the Ge surface was treated with citric acid, citrate ions are probably 
adsorbed onto the surface giving it a negative zeta potential (depending on the citric 
acid concentration) [24].  This acid passivation may change the surface energy of Ge 
and does not favour long range parallel arrangement of the microdomains on Ge 
surface. 
3.6. Formation of iron oxide nanopatterned hardmask on Si and Ge trenched substrates  
    The BCP nanopatterns formed were used as a template to create ordered oxide 
nanostructures by an in-situ metal ion inclusion method [25]. The precursor iron (III) 
nitrate nonahydrate - anhydrous ethanol solution (0.4 wt.%) was spin-coated onto the 
nanoporous polymer templates within the trenches and subjected to UV/Ozone 
treatment.  The UV/Ozone treatment ensured the formation of iron oxide nanopatterns 
and removal of polymers. The iron oxide nanopatterns were then used as a hardmask 
for transferring the pattern into the substrates.  In order to create well-ordered arrays of 
nanodots or nanowires, the best quality BCP nanopatterns substrates were chosen, i.e. 
films annealed at 60 °C for 1.5 h with HSQ-etched Si trenches for the dots and films 
annealed at 60 °C for 2 h with UV/Ozone treated HSQ trenched Si and Ge substrate 
for the nanowires.  
    Fig. 6a represents the SEM images of iron oxide nanodots and lines patterns 
prepared after UV/Ozone treatment (3 h) on an open area Ge substrate.  The precursor 
concentrations were adjusted to achieve well-ordered iron oxide arrays of well-
separated nanodots and continuous defect-free nanowires within the trenches.  At a 
precursor concentration of 0.4 wt%, well-ordered arrays of iron oxide nanodots/lines 
arrays were obtained.  Fig. 6b shows metal oxide dots within 135 nm sized HSQ 
trenches of Si, highlighting that the average diameter of the iron oxide nanodots 




to that of the BCP domain. Fig. 6c illustrates iron oxide nanolines obtained by the 
metal inclusion process on the HSQ trenched Ge substrate.  The measured diameter 
and spacing of the line structures were ~23 nm and 42 nm respectively comparable to 
the dot patterns on Si substrates.  The concentration of the iron precursor solution was 
critical and carefully optimised to obtain isolated and continuous nanowires [25]. Due 
to the hydrophobic nature of PS, the probability of the metal ion inclusion into the PS 
matrix was excluded; thereby metal ions occupy PEO activated sites.  During the 
UV/Ozone treatment, the metal crosslinks with the BCP blocks, removes the organic 
compounds present in the solvent and polymers as a volatile compound and further 
oxidizes the iron precursor.  One of the main reasons for carrying out the ethanol 
treatment erstwhile is that during the deposition of metal oxide the remaining 
hydrophilic PEO within the polymer template will aid in the absorption of the metal 
ions into the PEO voids.  This is because PEO swells during ethanol treatment and 
later due to affinity of PEO with the cations, the incorporation of metal ions within the 
pores will speed up [26].  The oxygen atoms present in the activated PEO 
microdomains chemically coordinate with the metal ions by intermolecular force of 
attraction.  After this process, iron oxide (Fe3O4) nanodots and nanowires were formed 
as shown in Fig. 6 [25]. 
3.7. Fabrication of Si nanopillars within trenches  
    Fig. 7 illustrates Si nanopillars obtained after pattern transfer using iron oxide 
hardmask on Si trenches. The contrast enhancement compared to the SEM image 
shown in Fig. 6b confirming that pattern transfer via this route was successful and 
providing evidence of the mechanical robustness of the hardmask.  The depth of the 
nanorods/wires could be varied by increasing the Si etch time.  Fig. 7a reveals well-




higher magnification cross-sectional SEM image (inset of Fig. 7a) demonstrates the 
uniform and equal diameter of the nanorods observed for iron oxide nanodots (23 nm).  
The cross-sectional SEM image also confirms the uniform width and smooth sidewalls 
throughout the entire length demonstrating the mask effectiveness.  The centre-to-
centre spacing remained unchanged, implying that the etching did not damage the 
original ‘mask’ to a significant extent.  The nanopatterns remained unaffected with 
increasing etch times, further long nanorod patterns were observed.  Cross-sectional 
TEM was used to fully characterise the nanowires.  Fig. 7b shows TEM image of a Si 
nanopillar achieved after a 30 s etch within a 90 nm wider trench, with iron oxide at 
the top.  This image clearly shows Si nanopillars with 10 nm thick HSQ layer and iron 
oxide nanodot at top. Further, equal diameter and smooth sidewalls can also be 
accomplished.   
3.8. Fabrication of Ge nanowires within trenches  
    An etch step using CF4 gas and an iron oxide hardmask was employed for pattern 
transfer into the Ge trenches.  CF4 gas has previously been reported to transfer 
poly(styrene-b-4 vinyl pyridine) BCP pattern efficaciously into Ge substrates [26].  
Figs. 8a and b illustrate Ge nanostructures formed after etch times of 9 and 6 s etch 
within 180 nm and 225 nm wide HSQ trench respectively.  The inset shows the 
patterns on open areas on the same substrates.  The pattern transfer was realised in 
both the cases as can be seen from the contrast enhancement but the line patterns 
become discontinuous.  The deterioration is more for longer etch times.  Additionally, 
the roughness of the HSQ side walls can also be noticed in Figs. 8a and b.  This 
roughness could be due to the fact that the CF4 etch chemistry is known to consume 
HSQ, thus etching it at higher rate than intended and resulting in rougher sidewalls 




lines as well as the dot morphology.  In 135 nm wide trenches, discontinuous Ge 
nanofins laying perpendicular to the HSQ trench were observed for a 6s Ge etch (not 
shown).  In Fig. 8b, 225 nm wide HSQ trenches show up to 4 continuous Ge 
nanowires parallel to the trenches.  However, as evident from Fig. 8b, the etching 
process resulted in the disruption of the lines and appeared more like nanodots 
structures.  The inset also shows fingerprint Ge nanostructures etched through the iron 
oxide hard mask.  Fig. 8c shows the Ge nanolines that were etched for a shorter time 
(4 s).  It can be clearly seen from the SEM image that 4 s were also harsh, thus 
conducting that an alternate etch recipe should be employed to this BCP/Ge system. 
    A different etch step with C4F8 gas was applied for 9 s to pattern transfer onto the 
HSQ guided Ge trenches.  Fig. 9 shows the nanopatterns within 135 nm wider Ge 
trench.  The SEM image reflects better quality Ge nanowire patterns with diameter ~ 
20 nm and spacing of 42 nm.  Unlike previous wires, these nanowires were continuous 
and spanned over the entire area of the trench.  Fig. 9b shows the cross sectional TEM 
image of 5 arrays of Ge nanowire patterns achieved after 9 s etch within a 225 nm 
wider trench, with HSQ at the sides and iron oxide at the top.  The depth of the 
nanowire is around 35 nm.  This clearly shows Ge nanowires with 10 nm thick HSQ 
layer and iron oxide nanowire at top. The spread of the Ge nanowire diameter was 
found to be between 17-20 nm. 
3.9. Discussion 
    Previous works suggests that the polar PEO layer will preferentially wet the Si 
substrate with a native oxide layer (favourable PEO-substrate interactions) whilst PS 
will segregate to the air interface to form a PS-rich layer (PS has a lower surface 
energy, γPS = 33 mNm-1; γPEO = 43 mNm-1) [28-30]. As shown in Fig. 4, for the 




darker areas, suggesting that the PEO block occurred exclusively on the HSQ sidewall 
(prior to removal).  The cylindrical PEO structures also appeared to be more inclined 
towards the HSQ void area.  This can be explained by simple hydrophobic-hydrophilic 
interactions.  The HSQ, after EBL exposure, formed a silica-like material which was 
hydrophobic in nature.  When the HSQ predefined substrates were subjected to 
UV/Ozone treatment, the HSQ reactive sites (Si-H) were easily converted into Si−OH 
(silanol) by ozone [31]. Thus, the HSQ walls will bear Si-OH (making them 
hydrophilic) groups that can readily bond with the oxygen in PEO.  Thus the 
hydrophobicity of the trench sidewalls plays a pivotal role in the PEO cylinder 
orientation of the BCP.  Moreover, when the substrates were oxidized, a SiO2 layer of 
~ 6 nm formed the top surface layer [32]. Due to the difference in the surface energy 
between oxidized and HSQ etched Si surfaces, both parallel and perpendicular 
orientation were noticed.  However, it should be noted that this phenomenon was only 
observed in the 90 nm pitch while wider trenches exhibited PEO dots arranged in an 
orderly manner.  Thus, the width of the trench along with the surface chemistry was 
important for different nanopatterns of the BCP.  The cylinder-to-cylinder spacing and 
the PEO cylinder diameter were also equally important so as to coordinate dot/line 
nanopatterns within the trenches. 
    On the other hand, trench width greater than 250 nm is required for parallel 
orientation of PEO cylinders on Ge substrates.  This remarkable phenomenon 
observed on Ge could be attributed to the surface chemistry of Ge, which differs from 
that of Si.  The surface of Ge is always accompanied by its native oxides, GeO and 
GeO2.  GeO2 is a water soluble oxide [33], however in the BCP self-assembly 




solvents).  The presence of surface oxides makes the Ge surface hydrophilic in nature.  
The surface energy of Ge is reported to be lower than that of Si, (Ge{100} = 1.835 mN 
m
-1
 and Si{100} = 2.130 mN m
-1
) and hence the PEO block may prefer wetting the Ge 
surface more effectively than Si [34]. The contact angles measured for untreated GeOI 
were 59.6°/60.3° (left/right angle) and for citric acid treated GeOI were 54.7°/57.2°.  
Thus, the surface energy of untreated GeOI is 37 dyne/cm and that for citric acid 
treated is 41 dyne/cm.  Hence, this behaviour may favour the long range parallel 
arrangement of the PEO block.  Surface passivation method by citric acid did not 
particularly encourage long-range arrangement of the BCPs.  Moreover, PEO 
cylinders, mainly parallel, as well as perpendicular to the substrate were mostly found 
on EBL unpatterned areas (Fig. 1c), thus confirming that Ge surface with the oxides 
induce parallel orientation. 
    As seen in all SEM images in Figs. 2 and 3, the HSQ sidewalls were preferentially 
wetted by the PS block (on Si and Ge).  The PEO block is known to have an affinity 
towards the substrate interface due to being more hydrophilic than PS.  The PS block, 
therefore, covers the free surface are, i.e. HSQ sidewalls.  Si-H and Si-O bonds have 
been reported to be the reaction sites of HSQ [27], which can react with those on PS.  
The reason why more parallel alignment is observed frequently in wider Ge trenches is 
because of the scarce availability of SiO (HSQ) material (since the trench-width is 
wider).  As the Ge surface area increases proportionally with the trench width, the 
surface energy in the confined space decreases causing an increase in the PEO affinity 
towards the surface and the formation of line structures.  Thus, the lower surface 
energy of Ge in comparison to that of Si can promote long range arrangement of this 




study reported here does not require surface neutralisation prior to spinning down the 
BCP solution to induce preferential alignment.  This simplifies the process by 
reducing one of the processing steps. 
4. Conclusion 
    In summary, a DSA approach with PS-b-PEO BCP system on EBL patterned Si and 
Ge trenched substrate surface has been demonstrated in this report.  Whilst previous 
DSA reports with PS-b-PEO has been demonstrated on a bare Si and Ge surface 
efficiently [24, 27], this article reports the BCP nanopatterns on trenched Si and Ge 
surfaces as there is yet limited work conducted on Ge planar surface [22, 25, 34]. 
Moreover, Ge can be chosen as a non-Si based alternatives due to its properties similar 
to Si and can be used in MOSFETs to overcome the limitations of reduced device 
speed [27]. Many techniques like chemical modification of the substrate surface, a 
brush layer or functionalization was performed to get favourable orientation and long 
range ordering of the BCP with respect to the substrate [35-36]. The method reported 
here does not require prior surface treatment, thus reducing a process step. Also, there 
are pattern transfer limitations to fabricate devices using polymer patterns as an etch 
mask can lead to device features of low aspect ratio and high line edge roughness. In 
this regard, iron oxide nanopatterns were used as a ‘hard mask’ material with high 
selectivity to fabricate Si and Ge device features. 
   The substrate surface is patterned by EBL process consisted of arrays of HSQ 
trenches where the width varying from 45 to 315 nm.  The solvent annealing approach 
was applied to form different BCP nanopatterns with controlled PEO cylindrical 
microdomain orientation within the trenches at different temperatures and annealing 
times. The data shows these conditions strongly influence the formation of different 




orderly arrangement of arrays of nanodots with perpendicularly orientated PEO 
cylinders within the trenches defined by HSQ resist, whereas the non-patterned areas 
showed random placement of the dot structures. Ge, on the other hand, encouraged 
line patterns of BCP with parallel orientation of PEO domains within the wider 
trenches.  Long range arrangement of 5, 6 and 7 parallel BCP line patterned arrays 
were obtained in HSQ trenches with 225, 270 and 315 nm widths, respectively.  HSQ-
etched Si substrate helped to achieve commendable parallel orientation of PEO within 
the smallest trench width of 90 nm, however, dot morphology is predominant for 
HSQ-etched Ge trenches for all widths.  HSQ trenched Si substrate were subjected to 
UV/Ozone oxidation to yield an excellent DSA nanopattern arrangement throughout 
trenches.  In the case of Ge, in an attempt to make the surface oxide-free, the 
substrates were treated with citric acid but this process also encouraged perpendicular 
cylinder formation of the PEO.  Thus the native surface oxides of Ge can also be an 
added benefit for improved alignment of the BCP.  The native oxide on Ge usually 
concerns for device fabrication, however in this case it proves befitting and this could 
be a significant progress in next generation IC technologies [38-39]. The positioning 
of BCP within the trenches depended on the surface and/or interfacial energies with 
the sidewalls of the trenches with the individual blocks of the BCP for both the 
substrates.  In order to fabricate Si and Ge device features within trenches through the 
pattern transfer protocol, an in-situ metal ion inclusion technique was employed to 
generate iron oxide hardmask which mimics the original self-assemble BCP 
nanopatterns. This periodic array of nanodots and nanowires iron oxide patterns can 
find potential use in energy or information storage, sensing areas [37]. Further, Si and 
Ge nanopillars and nanowires patterned arrays with smooth and uniform sidewall 




using ICP dry etch.  However, the etch recipe was optimised for the Ge substrate to 
realise uninterrupted continuous nanowire patterns. An easy and robust graphoepitaxy 
method for fabricating Si and Ge nanopillar and nanowires arrays, which can be 
efficaciously used in device fabrication, is demonstrated in this article. 
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Scheme 1: Schematic description of the graphoepitaxy process for the fabrication of Si 
and Ge trenches on substrate surface and the fabrication of Si and Ge nanopatterns 
within the trenches via BCP hard mask inclusion technique. 
Fig. 1.  (a) Array of 50 nm wide HSQ lines with a 135 nm trench size prior to BCP 
processing and (b) BCP arrangement on an open surface area of a Si substrate (c) self-
assembly on Ge surface. 
Fig. 2. SEM images of DSA on the two substrates, processed at various conditions (a) solvent 
annealed at 50 °C for 1.30 h on Si/90 nm (HSQ trench width), (b) at 60 °C for 2h on Si/135 
nm (c)  at 50 °C for 1.30 h on Ge/225 nm (d) at 50 °C for 2h on Ge/315 nm. 
Fig. 3. SEM images of the BCP DSA in trenches that were etched into the substrates using 
the HSQ mask (a) 90nm wide trenches in Si (b) 270 nm in Si (c) 135 nm in Ge and (d) 270 
nm in Ge. 
Fig. 4. SEM images of BCP nanopatterns after UV/Ozone treatment of HSQ-defined Si 
substrates after solvent annealing at 60 °C for (a) 1.5 h and (b) 2 h.  Pattern degeneration or 




Fig. 5.  SEM images of a Ge surface treated with 1 M citric acid prior to BCP processing.  
DSA of the PEO cylinders in (a) open area showing perpendicular orientation of PEO 
cylinders, (b) 135 nm HSQ trench and (c) 270 nm HSQ trench. 
Fig. 6.  SEM images of hexagonal ordered oxide nanodots and lines after UV/Ozone 
treatment on (a) an unpatterned Ge area and (b) 135 nm HSQ trenches on Si; (c)  315 nm 
HSQ trench on Ge surface. 
Fig. 7.  (a) SEM image of Si nanopillars formed after pattern transfer through ICP etch within 
180 nm wide HSQ guided Si trenches, (inset) tilted SEM images showing height Si nano 
pillars and (b) high resolution TEM cross-sectional image of the Si nanopillars with iron 
oxide nanodots at top. 
Fig. 8. SEM images of nanopatterns formed after pattern transfer into HSQ guided Ge trench 
through the iron oxide hard mask with ICP etch time (a) 9 s (180 nm trench width), (b) 6 s 
(225 nm trench width), (c) 4s (315nm trench width). Insets in show etched morphologies on 
unpatterned areas.  
Fig. 9. Ge Line patterns formed after pattern transfer with C4F8 gas for 9s on (a) SEM image 
of 135 nm wider trench and (b) cross sectional TEM image of 4 arrays of Ge nanowire with 
HSQ and iron oxide at top. 
 
  
  
  
  
 
 
 
  
 
  
 
 
  
  
  
 
  
 
  
 
 
  
  
  
 
  
 
  
 
  
  
  
 
  
 
  
 
